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Abstract

Metallography,analyticalscanningelectron
microscopy,and X-ray diffractionwere employed
to measurethe kineticsand characterizethe
microstructureof hotcorrosionof a Ni-Cr-Fe alloy,
INCONEL 600, after500h of immersionin molten
N~C03-NaCl saltat 900-950°C in an oxidizing
atmosphere. This was done to helpassessthe
alloyas a reaction-vesselmaterialfor a waste
treatmentprocessknownas MoltenSalt
Oxidation.

The alloywas foundto hotcorrodeby surface
oxidationand intergranularattack, IGA. Their
combinedrate forthe lossof load-bearingcross-
sectionmetalwas comparableto corrosionrates
reportedby othersforan arrayof analogoussalts.
About5% of the oxidescale was a contiguous,
dense, protectivelayerof Crz03 at the metaf/oxide
interface. A middleportioncomprisedabout55’?40
of the scale and was a porous,mixedoxideof N“O
> Cr203 > Fe203 The outer40?4.was nearlyall
NiO withdense grainsand cavitatedgrainbound-
aries. Overall,the NiO was dominantand the
lesseramountsof Cr,03 and Fe203were roughly
equivalent. No directinvasionof salt throughthe
oxideto the metalwas observed

Introduction

MoltenSaltOxidation(MSO) isa waste
destructionprocesscurrentlyunderdevelopment
to treatwastesthat couldbe treated by inanera-
tion. In MSO, the organicportionof the waste is
destroyedby catalyticreactionin a liquidcarbon-
ate-base saltbathat about 900-950”C. The bath
is lancedwith20% excess air to maintaina highly
oxidizingenvironment.This convertsthe C and H
componentsof the organicwastes (oil,solvents,

8Nominal composition: 74Ni (+Co)- 16Cr-8Fe-2 other
(wt9’0). UNS designation is N06600. INCONEL is a
trademark of the Into family of companies.

plastic,cloth,rubber,paper,etc.) to C02 and H20,
respectively.Inorganicresidues,including
radioactNematerials,are trappedin the molten
saltand ultimatelyremovedand processedintoa
final,nonteachableceramic. The reati”onvessel
forthisprocessmustbe made of metal inorderto
transferheat fromthe exothermicchemicalreac-
tionsand the processis mrrosiveto metal.

Considerableliteratureexistson the corrosion
of materialsin moltenSaltsl.z Corrosionstudies
and reviewsin moltencarbonatemeltshave been
reportedas partof studieson heat transferand
energystoragemedia,=coal gasification?~and
moltencarbonatefuelcells. In general, the corro-
sionrate has been shownto depend on saltcom-
positionwithcarbonatemeltsgenerallybeingless
corrosivethan hydroxidemelts.lo.11Temperature
and the oxidizinglevelof the gas environmentare
alsoimportantfactorsaffectingthe corrosionrate.
Smallamountsof ceftainelementsin the salt,
suchas sulfuror chlorine,may increasethe corro-
sionrate. INCONEL 600 and Incoloy800 were
citedas preferredalloysforuse in moltencarbon-
ates by Kohlet al.’ In unpublishedwork,the pre-
sentauthorsselectedINCONEL 600 over Incoloy
800 and otherlikelyalloysby corrosion-test
screening.AnArrheniusplotby Kohlet al of
INCONEL 600 corrosionratesinvariousmolten
alkalimetalcarbonatesaltswas replottedand is
givenin Fig. 1, whichalsocontainsa previewof
the resultsobtainedinthiswork.

The saltsemployedby othersin Fg. 1 included
Na, K, and Li (alone orcombined),chloride,and
hydroxide.The covergasesvariedconsiderably
and includedargon,air,air-C02 mixtures,and
C02. Unfortunately,noneof the test conditions
(temperature,salt,and gas) were sufficientlyclose
to thoseemployedin MSO to be of significant
value. Also,the wide scatterof the data raised
strongdoubtsabout inte~reting it.The next
step-and the purposeof thiswork-was to deter-
minethe effectof temperatureon hotcorrosionof
INCONEL 600 underMSO conditionsand to char-
acterizethe resultingmicrostructure.
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Fig. 1 – Rate of hot corrosion of INCONEL 600 in molten alkali metal carbomte salts.

Experimental Procedure moltensaltwas N~C03 -20 mol% NaCl,
blendedfromreagent-gradeNaCl andACS-grade

INCONEL 600 was corrosiontestedfor500h N~C03 The sparge gas of 8.6?4.C02, 1027.02
at fwe temperaturesbetween 900 and 950°C and 81.2?40N2exiteda MathesonType 602
(900, 908,929,941, and 950”C) underprototypi- rotameterat 200cxYmin.and became saturatedby
cal MSO condtionsin the saltfurnacesystem bubblingthroughwater heldat 109°F by an oil
shownin Fig2. The samplerestingon the bottom bathtank (BlueM “MagniWhirl”). The gas at this
of the 2.5”4D aluminatube representsa 6“X 1“X pointrepresentedthe MSO processand is
1/8”bar of mill-annealedplatewitha bright,120- referredto furtherhere as “MSO-typegas”. The
griifinish. Thicknesswas measuredbeforetest- gas proceededalong tape-heatedlinesto the fur-
ingto the nearest0.0001” along every 1/4” of the nace where itbubbledthroughthe melt, then
bar length. A hole near the topof the bar allowed exitedthe systemthroughglycerinina bubblejar
wire hookingfor loadingand unloading.The at 1-2 bubbles/s. Type K themrmcoupleswere
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employed in the mmpuferized furnace controller

and thermal data wea accessed through a seps-

rste computer.

After testing, salt was ultrasonically wsdwd

fmm the bars in hot water. The bars wars slii
along their lengths snd examined microscopically
to determine the relatiie extent of attack along
their lengths. It was found that corrosion was
rather uniform along the salt-submerged portion of
the bar but was slightiy greater, or as deep as any-
where else, about 1“ below the ask line. This por-

tion ‘was therefore cut from all five bars, then met-
allographicaliy prepared and examined with a hght
optic metallograph (LOM).

It was found that the microetructures of the sur-
faceoxides and metal were analogous for all five
samples and that the kinetics varied predictably
with temperature. Therefore, one of the samples
was selected to represent all five for additional

analysis by X-ray dtiction (XRD) and analytical
SEM analysis. The 900”C sample was selected
because more of ta surface oxide had survtied
spalling. The XRD was done on a Phillips XPERT
diffractometer with Cu K= at 40KV. The sample
was loaded intact with its oxide facing the beam.
This yielded patterns from the entire oxide thick-
ness and part of the underlying metal. JCPDS
files were employed for phase identlication. The
analytksl SEM anaiysis was done with a JEOL
mcdel JSM 640 Scanning Electron Microsmpe
640 with a Tracer Northern model TN-55C0 energy
dispersive X-ray (EDX) analyzer.

All micmgraphs were processed elacbo-opti-

eal~ by scanning at 300 linesOn., adjusting with
Adcbe Photoshop@, and printing at 600 dpi.
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Results snd Discussion analogous micmstrucfures, the only notable differ-
ences being the thickness and spalling of the oxide,

modes of hot corrosion attack obsewed and the depth of IGA. The micmatructural features

?fween 900° and 950”C were oxidation and in Fig. 3 required to measure the extent of corrosion

; shown in Fig. 3. All five samples exhibted attack are depicfed schematically in Fig. 4,

Fig.

a) 950°C etched LOM

b) 900”C as-polished SEM

3-Oxidation (0) and IGA (I) of INCONEL 600 after X0 h at 900” or 950”C in N~C03 -20 mol% NaCl
salt with MSO-type gas.
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Fig. 4- MetsUography to meeaum metal loss from corrosion.

It csn be seen fmm Fig. 4 that the loss of load-
supporting cress-section metal from hot corrosion is
the sum of the metal thickness consumed by oxida-
tion plus the depth of the IGA penetration.’ Tha
extent of IGA is defined here as the amount remain-

ing in the survived metal and not the total amount
that occunwj from the outset. It is measured
directly from the deepest penetrations to account
for the worst case. The Ioaa fmm oxidation is the
original metal thickness minus the remaining metal
bounded by the oxideimetal interface, divided by 2
to account for only one sutface being corroded.

This method ia described in the standard, ASTM
G54-77.Iz Making thase mesaurements on the
aemples (the 900”C sample was omitted because
its starting thickness was not certain), and convert-
ing them from 500 h to 1 yr to obtain mil+r, yielded
the hot corrosion retea in Fig. 5.

‘It wss observed here that grewfmebyand elacfrocham-
isby meeauremenfe were sometimes extended err@
nemafy in studies swh as thk.. To understand this, note
that only the unaffected metal depi~ed in Fig. 4 is cspa-
ble of fully supporting design loads. This critical dimen-
sion is revealed by metallography but not by gravfmet~
or electrochemistry measurements, even though results
from these latter two methods are often interpreted err-
oneouslyss total measures of corrosion. For examples,
grevimetry is completely confounded by oxidation weight
gain and spalling, and internal attack cannot be quantified
by either gravimety or electrochemical meaeuramema,
Certainly, these two methods do serve invaluable roles in
characterizing certain aspects of hot corrosion, but these
roles do not apply here.

The oxidation plot in Fig. 5 follows Arrhenius
behavior whereaa IGA appeara to be independent
of temperature. Their total (shown earlier in Fig. 1)
displays Arrheniua behavior. As seen from Fig. 1,
the hot corrosion rates obtained here are consis-
tent with and ancompaased by those obtained
fmm a wide variety of roughly comparable corro-
sion variables.

XRD of the oxide of the 900”C sample
revealed the presence of three oxidea, NiO,
Cr203, and Fe203 The distribution of these
oxides is revealed in Figs. 6 – 8, which contain
SEM images in the SE (secondary electron) and
BSE (back-scattered electron) modes, as well as
EDX elemental maps and EDX point analyses.
SE imaging is employed to yield detail and resolu-
tion, whereas BSE images distinguish heavier ele-
ments from fighter ones (the heavier, the brighter).
Ni is heavier than Cr and Fe is in between. In Fig.
6, the common area of the SEM images is seen in
the lower row as reduced-magnification elemental
maps obtained by EDX. Note the intense Cr at
the metai/oxide interface and the corresponding
lack of Ni and Fe. This corresponds to the Cr203
layer indicated in Fig. 7b) and is confirmed by
point E analysis seen in Fig. 8a) and d). Thus, the
Cr203 layer on the metal ia seen to be contiguous
and densa, indicative of a proactive layer. It occu-
pies about 5% of the total oxide thickness.

Local chemical analyais of points D and C in
Fig. 8 show a transition away from the Cr203 layer
into increasing amounts of NiO and Fe203, mostly
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Fig. 5- Hot corrosion rates for INCONSL 603 at 900°- 950”C in Na2C03 -20 mol% NaCl molten salt with
MSO-type gas.

Fig. 6- SEM/EDX analysis of the metal and oxide of INCONEL 600 after 900°C/500 h in molten salt.



NiO. This thmxide, middleregionwhere NiO >
Cr203 > Fe203 comprisesabout55% of the oxide
and is seen in Fig.7a) to be moderatelyporous.
Note inthisbroadband thatthe Fe203 WasSOme-
what segregatedinthe twobandsseen in Fig. 6,
where the lowerbandisseen in detailat pointC in
Figs.8a) and b).

The EDX spectraof pointsA and B in Fig. 7a)
are given in c) and d). They indicatethat the top
portionof the oxidescaleis mostfyNiO witha ve~
smallamountof Fe203 It isseen in Fg. 7a) that
the grainsof thismosUy-NiOscaleare very dense
and have cavitatedgrainboundaries.This outer
portionaccountsforabout40’% ofthe oxidescale.

Consideringthe entireoxidescale,NiO was
the dominantphase,and the smaflerquantitiesof
the Cr,O, and F~O, phaseswere roughlyequiva-
lent

No evidenceof internalsaltwas observedby
metallography,XRD, oranalyticalSEM, indicating
that saltdid notinvadethe metalthroughthe
oxide.

Conclusions

INCONEL 600 subjectedto moltensalt corro-
sionbetween 900” and950”C exhibdedsurface
oxidationand intergranularattack(lGA).Their
combinedArrheniusratesare consistentwith
those obtainedbyothersunderroughlycompara-
ble conditions.

The oxide scafeexhibitedthreeregions.
Coveringthe metalwas a contiguous,dense, pro-
tectivelayer of Cr202 The midsectionwas a
porousmixof NiO > Cr203 > Fe203 The top por-
tionwas nearlyail N.0 withdensegrainsand cavi-
tated grainboundaries.

No directinvasionof saltthroughthe oxideto
the metalwas observed.
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